Because of their adaptation to a diverse set of habitats and stresses, wild species of cultivated crops offer new sources of genetic diversity for germplasm improvement. Using an Infinium array representing a genome-wide set of 8303 single nucleotide polymorphisms (SNPs), phylogenetic relationships and allelic diversity were evaluated within a diversity panel of germplasm from Solanum sect. Petota. This panel consists of 74 plant introductions (PIs) representing 25 species and provides a diverse representation of tuber-bearing Solanum germplasm. Unlike other molecular markers, genome-wide SNPs have not been widely implemented in potato. To determine relatedness between current species classifications and SNP-based genetic distances, a phylogeny was generated based on random individuals from each core collection PI. With few exceptions, SNP-based estimates of species relationships revealed general agreement with the existing taxonomic grouping of species in Solanum sect. Petota. Genotype comparisons between the Solanum sect. Petota diversity panel and a panel of 213 tetraploid cultivars and breeding lines indicated a greater extent of diversity between populations of native Andean landraces than among modern cultivated varieties. Comparison of SNP allele frequencies between the Solanum sect. Petota panel and tetraploid cultivars identified loci with extreme divergence between cultivated potato and its tuber-bearing relatives. Several of these loci are associated with genes related to carbohydrate metabolism and tuber development, suggesting potential roles in potato domestication. The Infinium SNP data offer a new taxonomic view of potato germplasm, while further identifying candidate alleles likely to differentiate wild germplasm and cultivated potato, possibly underlying key agronomic traits.
T
he abilit y to exploit genetic diversity is critical to modern crop breeding, as it enables the introduction of new, useful genes and allelic variants into existing germplasm. Germplasm diversity offers a source of novel traits of agronomic value and can increase the variety of alleles within breeding populations (Bamberg and Del Rio 2005; Bradshaw et al., 2006; Lam et al., 2010; Pavek and Corsini, 2001; Tester and Langridge, 2010) . A large extent of genetic diversity can be found in wild and landrace relatives of cultivated crop species (Bradshaw et al., 2006; Pavek and Corsini, 2001 ) and evaluation of the diversity in these wild species and landraces at the sequence level facilitates its use in developing new cultivars. Surveying wild genotypes across broad sets of loci can provide clues to genes that differentiate primitive and cultivated germplasm, suggesting key loci involved in the domestication and enhanced agronomic performance of modern varieties (Huang et al., 2012; Hufford et al., 2012; Olsen and Wendel, 2013; Qi et al., 2013) . Such genes offer candidates for breeders in selecting elite cultivars and have implications for the expression of important field traits. Understanding the taxonomy of wild relatives of cultivated crops is also important, as it increases the efficiency of germplasm conservation and may lend predictive power to the implementation of diverse plant species in breeding programs (Daly et al., 2001, Spooner and Salas, 2006) .
Potato taxonomy has changed throughout recent history, depending on whether intermediate interspecific "hybrid" populations are tolerated or whether, in contrast, the greater variation of all similar populations should be subsumed under a single, broader taxon. The current taxonomy of tuber-bearing potatoes (Solanum sect. Petota) includes approximately 110 Solanum species including wild species, landraces, and modern Solanum tuberosum L. cultivars (Spooner, 2009) . Their natural habitats span an immense geographic range from the southwestern United States to central Chile and Argentina, displaying significant variation in temperature, moisture, soil quality, and biological stresses (Hijmans and Spooner, 2001; Spooner and Salas, 2006) . Adaptation to such a broad assortment of ecological pressures has generated extensive diversity in wild and landrace populations (Spooner and Bamberg, 1994) . The value of wild relatives and landraces for germplasm enhancement has been well established in potato and they have been exploited for the introduction or improvement of numerous traits including resistance to bacterial pathogens, viral pathogens, and insect pests; tolerance of nonbiological stresses such as salinity and frost; and traits related to the market quality of harvested tubers (Pavek and Corsini, 2001) . Andean landraces are also thought to have potential for broadening the genetic base of North American and European breeding populations, which are thought to house a small portion of the available diversity (Bradshaw et al., 2006; Jansky et al., 2013; Mendoza, 1989; Pavek and Corsini, 2001) . Previous estimates of genetic relationships and diversity in Solanum sect. Petota have used plant morphology (Ames et al., 2008) , chloroplast DNA (Spooner and Castillo, 1997) , and molecular marker data from randomly amplified polymorphic DNA (Demeke et al., 1996) , restriction fragment length polymorphisms (Debener et al., 1990) , amplified fragment length polymorphisms (AFLPs; Spooner et al., 2005) , and simple sequence repeats (Van den Berg et al., 2002) . Despite a variety of approaches in classifying potato germplasm, taxonomic treatment of these species remains a challenge complicated by interspecific hybridization, introgressions, sexual and asexual reproduction, and polyploidy. No single method of evaluating genetic relationships has proven effective for this group and there remains disagreement in the designation of species boundaries (Spooner, 2009; Spooner and Salas, 2006) . For the purpose of discussing germplasm, this study recognizes those species defined by Spooner and Salas (2006) with regard to further unpublished reductions (Spooner, 2009) .
In this study, high-throughput SNP analysis with the Infinium 8303 potato SNP array (Felcher et al., 2012) was used to assess taxonomic relationships in a diversity panel of wild species and landraces from Solanum sect. Petota and compare the genetic composition of these loci with that of a diversity panel of cultivated tetraploid clones representing the major market classes of potato (Hirsch et al., 2013) . The Solanum sect. Petota diversity panel was derived from the US Potato Genebank (http:// www.ars-grin.gov/nr6/, accessed 5 Nov. 2014) and contains 74 PIs obtained from populations in a range of habitats across North and South America (Fig. 1, Table 1 ).
These germplasm demonstrate considerable morphological variation even within species and represent several classes of ploidy and endosperm balance number (EBN, also referred to as "effective ploidy"). Furthermore, many of these species have been used in potato breeding including Solanum tuberosum subsp. andigena landraces, S. acaule Bitter, S. berthaultii Hawkes, S. bulbocastanum Dunal, S. chacoense Bitter, S. demissum Lindl., S. kurtzianum Bitter &Wittm., S. raphanifolium Cardenas & Hawkes, and S. stoloniferum Schltdl. & Bouche (Bradshaw et al., 2006; Jansky et al., 2013; Pavek and Corsini, 2001) . Phylogenetic analysis of these accessions revealed, with limited exception, that SNP-based genetic distances largely support the current taxonomy of these tuberbearing Solanum species. Analysis of diversity in the Solanum sect. Petota diversity panel and a large panel of cultivated potato varieties (Hirsch et al., 2013) revealed that a greater degree of genetic diversity can be found within the sampled landraces compared with modern breeding lines. Comparison of SNP genotypes between the groups identified numerous genes with highly divergent allele frequencies, particularly those involved in carbohydrate metabolism and tuber development, which are most likely to underlie important agronomic traits.
MATERIALS and METHODS

Plant Materials
The species and landraces used for this study were assembled at the US Potato Genebank at Sturgeon Bay, WI. With over 5000 populations of over 100 species, a comprehensive evaluation was impractical. A panel representing the broad diversity of Solanum section Petota was constructed containing 74 total PIs and, in the majority of instances, three populations from 25 different wild species and primitive cultivated forms (based on prior classifications, some species have been collapsed) collected across North and South America, hereafter referred to as the "Solanum sect. Petota diversity panel".
The Solanum sect. Petota diversity panel intends to capture a representative sample of the tuber-bearing Solanum diversity, but with a bias toward germplasm that is likely to be practical for evaluation and use in breeding. Thus species were selected to represent different ploidies, breeding systems, crossability groups, geographic origins, and reputation for particular useful traits. Highly exotic species difficult to grow, tuberize, hybridize, or maintain as populations of botanical seed were excluded. Species accessions that could not be maintained as populations of botanical seed were excluded. Both diploid (S. phureja and S. stenotomum Juz. et Buk.) and tetraploid (S. tuberosum subsp. andigena) primitive cultivated forms were included.
Seeds from each PI were soaked for 24 h in 1500 mg L -1 gibberellic acid, washed in 10% bleach solution, rinsed with sterile water, and germinated on filter paper under ambient light. After 1-2 wk, sprouted seedlings were transferred under sterile conditions to Murashigi and Skoog (Jacobs et al., 2011) , single random seedlings were selected from each PI for genotyping. For analysis of within-population diversity, 10 random individuals were selected from four populations PI243510 (S. bulbocastanum), PI545964 (Solanum boliviense Dunal), PI458365 (S. berthaultii), and PI320355 (S. phureja). Cultivated diversity was represented by 213 tetraploid lines from the SolCAP Diversity panel (Hirsch et al., 2013;  Table S1 ). This cultivated tetraploid diversity panel, hereafter referred to as the "cultivated tetraploid panel", contains primarily North American germplasm (all but eight lines), including 134 cultivars and 79 advanced breeding lines that represent the major market classes of potato. Each of the wild accessions used was sampled from the Solanum sect. Petota diversity panel.
Single Nucleotide Polymorphism Genotyping
DNA was purified from leaf tissue of each individual using the Qiagen DNeasy Plant Mini kit (Qiagen, Germantown, MD) and assayed on the Infinium 8303 potato SNP array (Felcher et al., 2012) with the Illumina iScan Reader (Illumina, San Diego, CA). The array surveys 8303 biallelic SNP loci designed from transcribed gene sequences (Felcher et al., 2012; Hamilton et al., 2011) . Single nucleotide polymorphism genotypes were manually scored in GenomeStudio (Illumina, San Diego, CA) under a diploid model supporting AA, AB, and BB biallelic calls, such that nonhomozygous calls in polyploid accessions were rated as AB heterozygous genotypes (Hirsch et al., 2013) . Single nucleotide polymorphisms were filtered to exclude any loci with 10% missing data in the wild species, disagreeing replicate calls across the 24-sample arrays, or loci that mapped to multiple locations in the DM1-3 516 R44 (hereafter referred to as DM) reference genome assembly (Hirsch et al., 2013; Potato Genome Sequencing Consortium, 2011) . A total of 5023 high confidence SNPs with reliable diploid calling in both the Solanum sect. Petota and the cultivated tetraploid diversity panels were selected for downstream analyses (Table S2) .
Single Nucleotide Polymorphism Functional Annotation
Functional annotations of SNP loci were predicted using Annovar (Wang et al., 2010) . A variant table containing SNP location and allele data was generated, in addition to refGene database files containing location, structure, and coding information for all potato genes based on version 4.03 annotations from the Potato Genome Sequencing Consortium (Sharma et al., 2013) . Based on this data, Annovar Spooner and Castillo (1997) . ¶ Potato species taxonomic series described by Hawkes (1990) .
# Previous species names for certain populations and taxonomic treatments have changed over time for some groups. † † Chr., chromosome number; unk, unknown. predicted the location of variant sites (i.e., exon, intron, or intergenic) and the functional impact of alternative alleles at each SNP. Results were used to determine exonic versus nonexonic SNPs and which variants alter coding function.
Phylogenetic Analysis and Estimates of Genetic Diversity
Pairwise genetic distances between Solanum sect. Petota diversity panel genotypes were estimated using a set of 3275 SNPs (Table S3 ; from the 5023 high-confidence SNPs) excluding SNPs located within candidate market genes to avoid bias due to a higher selection of SNPs at these sites. The sequenced DM potato clone (Lightbourn and Veilleux, 2007; Potato Genome Sequencing Consortium, 2011) , the cultivar Atlantic, and two diploid genetic stocks (RH89-039-16 and SH83-92-488) (Park et al., 2007; Van Os et al., 2006) were included with the Solanum sect. Petota diversity panel for generation of a phylogenetic tree. Distance-based phylogenetic trees were generated for the core collection with separate subsets of exonic SNPs predicted to have synonymous (2464 markers) and nonsynonymous (1307 markers) effects on gene coding sequences, without the exclusion of markers present in the candidate genes. Relative distances within and among four diploid PIs (see the Plant Materials section) were evaluated using SNP data generated for 10 randomly selected individuals from each population. For these populations, SNPs were filtered to remove loci containing more than 20% missing calls in any PI, with a final subset containing 4828 of 5023 total SNPs. Distances were also estimated between clones in the cultivated tetraploid panel as a measure of diversity. Pairwise distance estimates and tree files were generated using PowerMarker v3.25 (Liu and Muse, 2005) . Genetic distances are based on Nei's (1972) distance estimate. Trees were estimated for 1000 bootstrapped datasets and used to generate a consensus tree with bootstrap support in PHYLIP (Felsenstein, 1993) . A final distance-based tree was then generated based on clustering in the consensus tree. Tree graphics were generated with FigTree v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/, accessed 20 Oct. 2014). PowerMarker also provided estimates of heterozygosity and allele frequency for high-confidence SNP markers. Comparison of allele frequencies between Solanum species and cultivated tetraploid potato clones was conducted in the dosage model (heterozygous allelic dosage accounted for in polyploids) using only the 50 diploid Solanum sect. Petota PIs and a subset of 3041 SNPs with reliable dosage genotype calling (Hirsch et al., 2013) . This produced an unbiased comparison of allelic representation across both populations. The significance of allele and genotype frequency differences at each SNP marker was determined with a chi-square test.
Functional Analysis of SNPs and Associated Genes
Existing gene annotations of the DM genes, along with the best Arabidopsis thaliana (L.) Heynh. gene hit, were used to determine the function of genes associated with the assayed SNPs. Gene Ontology (GO; Ashburner et al., 2000) terms for the annotated DM genes were used for enrichment analyses for loci displaying significant divergence between the Solanum sect. Petota diversity panel and the cultivated tetraploid panel using a Fisher's exact test of term count data. Testing was conducted at the gene level, where annotated genes containing one or more divergent SNPs were considered to be a single divergent locus, regardless of how many divergent or conserved SNP markers were present.
RESULTS AND DISCUSSION
Phylogeny Results
A distance-based phylogeny was generated using allele frequencies of the Infinium 8303 potato SNP loci to assess the relationships between species present within the Solanum sect. (Table 1 ). An important feature of the phylogeny is that, in most cases, accessions within species formed a single clade, being more closely related to one another than to other species. A greater degree of genetic distance among species than among accessions within species indicates that SNPbased distances primarily agree with current taxonomic boundaries of Solanum germplasm. The exceptions were S. boliviense, S. candolleanum and S. okadae Hawkes & Hjert. ; each included single accessions that failed to cluster with the others and appeared elsewhere in the tree structure (Fig. 2) , suggesting possible errors in classification. In some cases, different species also appeared to be intermingled. Accessions of S. stoloniferum, previously three distinct species (S. stoloniferum, S. fendleri A. Gray, and S. polytrichon), mixed with those of S. hjertingii Hawkes, suggesting a close and complex relationship between germplasm in series Longipedicellata. These species can freely cross with one another in nature and their reproductive barriers provide isolation from outside groups (Van den Berg et al., 2002) . The SNP data suggest a possible distinction between the germplasm of S. stoloniferum and those previously classified as S. polytrichon Rydb. and S. fendleri. Similarly, accessions of the diploid species S. infundibuliforme Phil. intermingled with hexaploid S. brevicaule accessions (previously S. oplocense).
In several cases, genetic relationships among accessions did not agree with their geographical distribution. However, these observations largely agree with previous studies of wild Solanum species. The close relationship observed between S. acaule germplasm (collected in Argentina and Peru) and Mexican S. demissum has been previously described (Debener et al., 1990; Kardolus, 1998) and supports its proposed role as a progenitor species (Spooner et al., 1995) . South American diploids S. circaeifolium and S. raphanifolium grouped more closely to North American species. A previous amplified fragment length polymorphism marker study by Kardolus et al. (1998) showed that S. circaeifolium is only distantly related to other South American species, possibly explaining its failure to group closely with South American germplasm in this analysis. S. circaeifolium is relatively uncommon among South American species in its 1EBN status, a condition prevalent among North American species (Hanneman, 1993; Ortiz and Ehlenfeldt, 1992) , which supports its clustering alongside North American 1EBN diploids and suggests they may be distantly related. Furthermore, S. verrucosum, a Mexican species, grouped only with South American germplasm, consistent with chloroplast DNA evidence which placed S. verrucosum in a clade containing primarily South American diploids (Spooner and Castillo, 1997) . S. verrucosum is the only 2EBN North American potato species, and is more reproductively compatible with 2EBN South American diploids (Hanneman, 1993; Ortiz and Ehlenfeldt, 1992) . These findings suggest historical migrations of wild potato germplasm away from their regions of origin.
The general concordance of results from this analysis and previous marker studies supports the accuracy of using several thousand conserved SNP markers from cultivated potato for detecting species boundaries and conducting taxonomic surveys in Solanum sect. Petota, despite the limitation of using single random plant samples to represent populations. The resulting phylogeny largely confirms the current taxonomy of wild potato germplasm, while also indicating a small number of cases in which SNP-based evaluation does not agree with other molecular or morphological approaches. Most notably, this analysis revealed new trends by clearly distinguishing subsets of germplasm within the S. brevicaule complex, a large set of wild and semicultivated species that were more recently collapsed under a single name (Miller and Spooner, 1999; Vandenberg et al., 1998) . This decision was previously supported by both morphological and molecular data (Alvarez et al., 2008; Miller and Spooner, 1999; Vandenberg et al., 1998) . Separation of the species in the S. brevicaule complex is an important feature of this phylogeny, particularly because previous studies have had difficulty in differentiating members of this group (Spooner, 2009) . This indicates that genome-wide SNP markers can be highly effective for resolving complex species boundaries among germplasm with close genetic relationships. The division of S. brevicaule accessions into groups primarily representing previous species classifications (S. spegazzinii plus diploid S. oplocense, hexaploid S. oplocense, and S. gourlayi) further supports this distinction. It is also unexpected that each respective subset of the S. brevicaule group appears more closely related to other wild Solanum species than to each another. This degree of separation is not typical of existing potato studies (Miller and Spooner, 1999; Vandenberg et al., 1998) and suggests that the southern S. brevicaule species may not be as similar at the gene sequence level as previously believed.
This phylogeny also contains patterns relevant to potato domestication. The grouping of Peruvian S. candolleanum (formerly S. bukasovii) with all cultivated accessions supports their status as potential potato landrace progenitors (Hosaka, 1995; Spooner et al., 2005) . Both S. candolleanum and S. bukasovii Juz. are considered "northern brevicaule" species and it has been proposed that this subsection of the S. brevicaule complex gave rise to Andean landraces (Spooner et al., 2005) . Notably, the "southern" S. brevicaule accessions from Argentina do not show as close a relationship with landrace germplasm. The grouping of the cultivar Atlantic in this clade also suggests that landraces are more genetically similar to modern breeding lines than to most wild species, despite their close geographic origin. The average genetic distance between landrace accessions (including closely related S. candolleanum) and the entire panel of 213 cultivars and breeding lines was 0.2081, slightly less than that observed between the landraces and wild species using a diploid genotype model (0.2552; Table S4 ), suggesting that distinct forms of selection by Andean farmers and modern breeders maintain some similarities in their impact on the sequences of various genes in cultivated potato.
To study the prediction of genetic relationships based on markers that are more or less likely to be under selective pressure, separate phylogenetic trees were generated using subsets of SNPs located in the coding sequence and predicted to be either synonymous or nonsynonymous variants. The estimated distance relationships among core collection PIs were similar and a Mantel test showed a correlation of 0.9804 between the genetic distance matrices calculated based on either SNP type. The consensus trees generated using synonymous (Fig. S2 ) and non-synonymous (Fig. S3 ) SNPs were similar and both reflected the species grouping from the overall SNP analysis, with some differences. In both trees, nearly all PIs grouped within their species and cultivated samples, along with the putative progenitor S. candolleanum, primarily clustered together. The primary difference was that the synonymous SNP set predicted S. raphanifolium to be more closely related to cultivated genotypes, indicating that synonymous SNPs were probably less accurate in this case. The synonymous SNP data also placed a S. candolleanum PI (PI265863) in the South American species clade, whereas the nonsynonymous SNPs placed it in the same clade as the landraces and other S. candolleanum PIs. It is interesting that the predicted distances among samples were highly correlated across datasets, particularly because neutral markers are typically preferred for studying species-level phylogenetics (Via, 2009 ). However, estimates of heterozygosity and gene diversity (defined as the likelihood that any two alleles selected from a population will be different) across loci in the two datasets were very similar. Synonymous SNPs had an average gene diversity of 0.194 and a heterozygosity of 9.6% across core collection PIs, while nonsynonymous SNPs had an average gene diversity of 0.171 and a heterozygosity of 8.2%. Diversity was slightly lower among nonsynonymous SNPs, but the results do not suggest significantly stronger selective pressure on these loci relative to synonymous sites. The Infinium SNP markers were derived from transcribed regions of the genome and the set of 8303 was selected for representation across the potato genome. It is likely that a large number of SNPs are in linkage disequilibrium with other loci under selection in wild populations or cause coding changes without impacting gene function. In many cases, predictions of individual SNP coding effects probably do not fully reflect whether they are truly neutral or under selection. Despite the presence of non-neutral loci in the Infinium 8303 potato SNP array, the full set of 3275 markers, excluding highly selected candidate gene SNPs, provides an accurate representation of species relationships in Solanum sect. Petota.
Genetic Diversity Within Solanum sect. Petota Accessions
Most PIs consist of multiple genotypes sampled from natural or field populations. These PIs are maintained by genebanks through random intermating to retain the diversity of their source materials (Del Rio et al., 1997) . For studying diversity across a broad array of Solanum germplasm in this study, single genotypes were used to represent the populations within the panel due to fiscal limitations. To assess genetic diversity within and among PIs, 10 random individuals from four diploid populations (S. bulbocastanum (PI243510), S. boliviense (PI545964), S. berthaultii (PI458365), and S. phureja (PI320355)) were selected and assayed on the Infinium 8303 potato SNP array. Genetic distances within populations were small compared to those among populations (Fig. 3, Table S5 ). The average pairwise distance among individuals within the S. phureja population was highest at 0.0468, whereas the mean distances among individuals within the S. bulbocastanum, S. boliviense, and S. berthaultii populations were 0.0049, 0.0139, and 0.0193, respectively. The lowest mean pairwise distance between individuals from two different populations was found between the two South American wild diploids at 0.0673, several times higher than the average distance among individuals within either population. As shown for these four PIs, a single representative genotype can accurately represent the population and be used to examine interspecies boundaries in the Solanum sect. Petota diversity panel.
These results may also have implications for the use of wild germplasm in potato breeding, as the loci used to generate distance estimates were selected based on expressed genes in cultivated potato (Hamilton et al., 2011). They suggest many SNPs that are polymorphic in cultivated potato lines contain significantly less variation for individuals within highly divergent wild populations. As a result, introduction of multiple individuals from any single genebank population will be unlikely to substantially increase the diversity of a breeding program at these SNP loci compared with the use of individuals from multiple diverse populations.
Heterozygosity and Genetic Diversity in Solanum Germplasm and Cultivated Potato
Relatives of modern cultivated potato have been a source of diversity for improving agronomic performance and introducing novel traits in North American germplasm (Bradshaw et al., 2006; Pavek and Corsini, 2001; Spooner and Bamberg, 1994; Tarn and Tai, 1977) . The Infinium 8303 potato SNP array is designed from biallelic SNPs identified in transcribed sequences from cultivated germplasm (Hamilton et al., 2011) , limiting its ability to estimate true heterozygosity and genetic diversity across species due to ascertainment bias and design limitations of the Infinium assay. However, a total of 5023 highconfidence SNP loci could be called in both the Solanum sect. Petota and the cultivated tetraploid diversity panels, suggesting that for these loci, the Infinium 8303 potato SNP array provides an accurate representation of allelic composition in the sampled wild species, landraces, and cultivated lines. Estimates of diversity for species in the Solanum sect. Petota diversity panel strongly reflected their evolutionary distance from elite cultivated tetraploid germplasm. For 213 cultivated tetraploid clones, average heterozygosity across 5023 high-confidence Infinium SNPs was 57%. For the Solanum sect. Petota diversity panel, individuals displayed a range of heterozygosity from 0.67 to 37.2%, with values indicating an effect from both ploidy and relationship to cultivated tetraploid germplasm (Fig. 4) . Notably, heterozygosity among North American 1EBN species, hypothesized to be highly diverged from cultivated potato (Hawkes and Jackson, 1992) , was consistently the lowest among the Solanum sect. Petota diversity panel (Fig. 4) , with a minimum of 0.67% for PI592422 (Solanum jamesii Torr.). Mexican allopolyploid species were significantly more heterozygous than their diploid counterparts, reflecting allelic diversity among their distinct wild subgenomes, despite the ascertainment bias. The landrace accessions displayed the highest heterozygosity levels, with the highest value of 37.2% for PI281034, a tetraploid S. tuberosum subsp. andigena landrace (Fig. 4) . Further, accessions of S. candolleanum, whose status as a close relative and progenitor of diploid landrace populations was supported in this study, were unique as a wild diploid species in displaying heterozygosity that was more comparable to the levels observed in South American diploid landrace germplasm, with 11.1% and 18.0% SNP heterozygosity observed for PI365321 and PI265863, respectively (Fig. 4) . This bias may prevent estimation of true genome-wide diversity across potato germplasm, but provides insight to the distribution of polymorphism within individual wild and cultivated genomes. Assuming wild species possess a higher degree of variation than reported in this study, the Infinium SNP data suggest that selection pressures within natural populations and breeding programs support allelic diversity at discrete loci and that SNPs for which a heterozygous state confers agricultural benefit in cultivars have limited overlap with those for which heterozyosity is selected in wild populations. Analysis of within-population diversity (see the Genetic Diversity Within Solanum sect. Petota Accessions section) supports this possibility. Notably, S. phureja, a diploid cultivated landrace species, showed over twice the degree of within-population diversity compared to any other species (Fig. 3, Table S5 ), whereas South American species were intermediate. S. bulbocastanum, a distantly related, sexually incompatible 1EBN species, lacked significant diversity, with an average genetic distance between individuals that was less than half of either South American species. Whole-genome sequence data are still needed to determine the true extent of allelic diversity at conserved genes within wild and cultivated individuals.
An analysis of diversity based on Nei's (1972) genetic distance between individuals revealed a slightly greater extent of diversity among Solanum sect. Petota landrace populations compared with cultivars and advanced breeding lines (Table S4 ). The average distance among all wild and landrace accessions in the Solanum sect. Petota diversity panel using a diploid genotype model was 0.152, higher than the average genetic distance among cultivated tetraploid genotypes (0.141). Within the Infinium 8303 potato SNP set, diversity among populations of Andean landraces and their relatives was the highest. Separation of individuals from the phylogenetic group containing landraces and S. candolleanum (see the results for Group I earlier) removed a substantial amount of diversity from the overall Solanum sect. Petota diversity panel. The average genetic distance among the remaining wild species (see the results for Groups II and III earlier) was 0.111, less than that observed among individuals in the cultivated tetraploid panel, whereas the distance among individuals in the landrace group (Group I) remained higher at 0.156.
Due to the bias associated with this set of SNPs, these results most probably underestimate the heterozygosity and diversity among different landraces as well as species. Studies using sequence hybridization-based marker techniques have demonstrated the presence of greater allelic heterogeneity within evolutionarily divergent potato species such as S. bulbocastanum (Traini et al., 2013) . In addition, a substantially smaller number of landraces (n = 9) were evaluated compared with cultivars and breeding lines (n = 213) and therefore, the full extent of landrace diversity as measured by the Infinium 8303 potato SNP set may not have been captured. Although further analysis using unbiased techniques for calling sequence variants, such as low-coverage sequencing, will be needed to reveal the true extent of heterozygosity and genetic diversity in wild species, these findings in which Andean landraces possess more diversity within a few individuals than the entire cultivated tetraploid panel emphasizes the value of these landrace varieties as a source of allelic diversity for breeding.
Allele Frequency Divergence in Solanum sect. Petota Diversity Panel Species vs. Cultivated Tetraploid Panel Clones
Domestication and subsequent improvement by plant breeders is a major feature differentiating germplasm found in genebanks from modern cultivated varieties, as the different selective pressures associated with agriculture systems and natural plant habitats have resulted in divergence of the loci associated with cultivation or survival in native habitats. The majority of PIs in the Solanum sect. Petota diversity panel are wild species, although South American landrace PIs are considered relatively primitive compared to the cultivated tetraploid panel. As such, germplasm in the Solanum sect. Petota diversity panel have undergone lower levels of domestication relative to cultivars and breeding lines. Allele frequencies were assessed across 3041 high confidence SNPs with reliable dosage genotype calling for diploids in the Solanum sect. Petota panel (50 PIs) and all individuals in the cultivated tetraploid panel. Allele frequency differences were then used to identify loci exhibiting major genetic divergence between primitive Solanum species and modern cultivated germplasm (Table S6 ). The average difference in allele frequency between the Solanum sect. Petota panel and the cultivated panel for all 3041 dosage-quality SNPs was 23.8% (SD 18.2%). Few Infinium SNP loci displayed exclusive selection of different alleles in the Solanum sect. Petota and cultivated tetraploid panel; no allele was found to be entirely specific to either population (Fig. 5) . To assess loci showing divergence between the Solanum sect. Petota panel diploids and North American cultivated tetraploids, a chi-square test was used to determine significant differences in allelic composition between the two groups. At a Type I error rate of 0.05, 2480 SNPs (81.5%) were considered divergent between the germplasm panels, while 561 (18.5%) SNPs were conserved. For assessing gene functions associated with divergent SNP loci, 322 markers (~10.6%) showing a difference of at least 50% in allele frequency were evaluated to focus on loci under strong selection in cultivated germplasm.
The most highly divergent Infinium SNP loci were associated with a diverse set of genes (Tables S6, S7, S8) , some of which have implications for the divergence of primitive and modern potato germplasm. An example is the KAKTUS gene, an E3 ubiquitin ligase, which contained four SNPs showing major allelic divergence, two with 88.1% and 91.5% differences in allele frequency (dosage model) between the Solanum sect. Petota panel and the cultivated tetraploids. This gene regulates endoreduplication, a process by which cells undergo chromosomal replication without mitosis (Sugimoto-Shirasu and Roberts, 2003) . Endoreduplication is used by many plants to increase the size or metabolic activity of specific cell types or organs during development (El Refy et al., 2004; Sugimoto-Shirasu and Roberts, 2003) . Endoreduplication commonly occurs in plant storage organs such as potato tubers and maize endosperm and is associated with establishing a nutrient sink status in these tissues (Chen and Setter, 2003; Larkins et al., 2001) . It plays an active role in the development of potato tubers: Chen and Setter (2003) showed that S. tuberosum L. cv. Katahdin tubers contain nearly 50% cells with 8C nuclear DNA content.
The extensive differentiation observed at multiple loci in the KAKTUS gene may play a role in the distinct tuber characteristics observed for primitive germplasm and high-yielding cultivars (e.g., cell size, yield).
In addition to the KAKTUS gene, several SNP loci with the highest levels of divergence were associated with major regulators of gene expression or cell and organ development (Table S6) . A homolog of the Arabidopsis curly-leaf (CLF) gene (PGSC0003DMG400034096) contained a SNP with 88.9% allele frequency difference. CLF is part of a family encoding polycomb group complexes, a class of proteins that function in both the plant and animal kingdoms to epigenetically suppress expression of specific genes within cells that have committed to differentiation (Köhler and Villar, 2008) . Interference with genes in this family leads to de-repression of regulatory genes controlling apical dominance, leaf and flower development, and flowering time (Katz et al., 2004) . A. thaliana seedlings lacking a functioning CLF gene and one of its homologs exhibited de-differentiation of cells and formation of callus on differentiated tissues, as well as swollen roots producing shoot-like stem tissues (Chanvivattana et al., 2004) . A homolog of the A. thaliana HAT9 histone acetyltransferase transcription factor (PGSC0003DMG400021423) contained a SNP with 91.3% allele frequency difference. Histone acetyltransferases also have the potential for major developmental impacts, as they are able to globally regulate gene expression through the modification of chromatin epigenetic states (Pandey et al., 2002) . A bZIP transcription factor homologous to A. thaliana NPY2 (PGSC0003DMG400014877) contained a SNP with 88.2% allele frequency difference. NPY genes are key regulators of organ development, controlling auxin-mediated organogenesis via the regulation of genes involved in auxin biosynthesis (Cheng et al., 2008) . Although it is difficult to associate these genes with specific impacts on traits found in cultivated potato, identification of highly divergent SNPs within large-effect regulatory genes underscores the major changes in plant development that potato experienced during its domestication. Furthermore, the presence of divergent SNPs in genes with regulatory functions supports their role in the domestication of potato, consistent with the identification of transcription factors as major domestication genes in crops (Doebley et al., 2006; Olsen and Wendel, 2013) .
A variety of genes known to influence tuber development via carbohydrate metabolism were also found to contain SNPs with highly divergent allele frequencies between wild diploids and cultivated tetraploids. These included a sucrose transporter, a sucrose synthase (a SUS1 homolog) with three divergent loci, multiple invertases, uridine diphosphate-glucose pyrophosphorylase, fructokinase, phosphofructokinase, multiple starch synthases, and a starch branching ezyme (Tables S6, S8 ). These genes are all closely linked with carbohydrate biosynthesis and accumulation in potato tubers (Fernie et al., 2002; Geigenberger, 2003; Haake et al., 1998; Sturm, 1999) . Selection for different tuber characteristics was a major component in the domestication of potato from wild germplasm. One of the most important changes was increased transport and partitioning of carbohydrates to underground tubers and higher biomass accumulation leading to greater size and yield. The SNP results suggest that domestication imposed selective pressure on the majority of genes found in the primary carbohydrate metabolic pathway. The fixation of different alleles within these genes is likely to be a major factor contributing to the larger sized tubers produced by modern cultivated varieties compared with wild species. The presence of three divergent SNP loci within the SUS1 sucrose synthase homolog offers an ideal example. Sucrose synthase catalyzes conversion of sucrose to glucose and fructose in the cytosol of developing tubers, which can then be converted to starch. Transgenic studies have shown that increased expression of sucrose synthase in potato results in greater starch accumulation and final yield (Baroja-Fernandez et al., 2009) .
The results of this study point to carbohydrate pathway genes as key players underlying the tuber characteristics of high-yielding potato cultivars. Unfortunately, the Infinium 8303 potato array contains only a small subset of the potential variants found in most potato genes (Hamilton et al., 2011) . Efforts should be made to sequence these genes in a variety of species and cultivars to summarize their full complement of alleles. This will better provide clues to the functional impact of "cultivated" alleles on potato carbohydrate metabolism, and identify those associated with desirable tuber qualities and may ultimately provide useful genetic markers in selecting for yield.
Allele frequency differences were also compared between the Solanum sect. Petota panel diploids and cultivated tetraploid panel separately based on subsets of SNPs with different gene locations and predicted functions. For variants in coding regions, no major disparity in allele frequency differences was found between neutral variants and those altering protein sequences. The average allele frequency difference for 1550 synonymous SNP loci was 23.61% and was only slightly higher for 757 nonsynonymous SNP loci at 24.23%. As the average allele frequency difference between the wild species and cultivars is similar for synonymous and nonsynonymous SNPs, it does not appear that significantly greater selective pressure is being placed on the Infinium SNP loci impacting coding function. This is unexpected, because nonsynonymous SNPs are more likely to affect gene function and therefore to come under selection. However, resequencing efforts in A. thaliana showed that projection of sequence variants on a single reference annotation could be misleading because of alternative splice forms that are not represented in the reference annotation (Gan et al., 2011) .
To determine whether GO terms associated with divergent loci support the functional role of genes containing SNPs under strong selection, an enrichment test was conducted with subsets of divergent and conserved loci (Table S9) . As a disproportionately large number of markers were considered divergent at a Type I error rate of 0.05 (81.5%), to permit better comparison of functional enrichment, the error rate for considering a locus as divergent was made more stringent and set to 0.001, which resulted in 1962 divergent SNP loci (64.5%) and 1079 conserved SNP loci (35.5%). Testing was performed at the gene level, in which terms were counted once for a gene regardless of the number of divergent SNP loci it contained.
Gene ontology term enrichment confirmed the results, suggesting selection on carbohydrate-related loci. The group of genes containing one or more divergent SNP loci (chi-square P-value 0.001) was enriched for the term "carbohydrate metabolic process" (P-value 0.0187). Several other biological process GO terms also showed enrichment in this group, including "reproduction" (P-value 0.0007), "lipid metabolic process" (P-value 0.0013), and "generation of precursor metabolites and energy" (P-value 0.0465). Strong enrichment for reproductive genes also suggests major divergence in this process. Diploid species are known to sexually propagate in wild populations, whereas modern tetraploid breeding lines are exclusively maintained by asexual reproduction. It appears that mutations differentiating these groups have accumulated in reproductive genes and become common among cultivated germplasm. The relatively low number of meiotic events required in asexually propagated crop species could play a role by reducing selection against mutations in the genes required for flowering. Tuber production is also closely tied to flowering and the maturity response (Abelenda et al., 2011; Kloosterman et al., 2013; Martin et al., 2009 ). It may be that selection for tuber traits, favoring increased vegetative reproduction and nutrient partitioning at maturity in particular, has indirectly affected a number of genes involved in sexual reproduction.
CONCLUSIONS
Use of an 8303 Infinium SNP array designed using polymorphisms from cultivated potato resulted in a phylogeny of Solanum sect. Petota that was consistent with existing taxonomic classifications, suggesting that polymorphisms within conserved genes provide a robust representation of key genetic differences in cultivated and wild species of potato. Applying the array to a diverse set of both species and cultivars identified multiple SNP loci and genes with extreme divergence between primitive and modern cultivated germplasm. Some of these may be critical in differentiating high-yielding cultivars from their wild relatives. The presence of divergent SNP loci within transcriptional regulators and genes that encode proteins involved in carbohydrate metabolism and tuber development supports this hypothesis, as they play major roles in crop domestication and potato breeding. These genes represent ideal candidates for marker-assisted selection in breeding programs. With the cost of generating genome sequence data becoming more affordable, efforts should be made to sequence a larger number of wild species and cultivated varieties to permit interrogation of all genomic variants and identify the full complement of loci contributing to potato domestication. Figure S1 . Consensus tree for core collection using 3275
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SNPs excluding candidate gene markers based on 1000 bootstrapped datasets. The topology of this tree was used to generate the distance-based phylogenetic tree (Fig. 2) . Branches display bootstrap values showing the number of times each grouping appeared across the 1000 replicates. Figure S2 . Consensus tree for core collection using 2464 predicted synonymous exonic SNPs based on 1000 bootstrapped datasets. Figure S3 . Consensus tree for core collection using 1307 predicted nonsynonymous exonic SNPs based on 1000 bootstrapped datasets. Table S1 . Species, market class, ploidy, release year, and breeding program information for 213 tetraploid cultivars and advanced breeding lines described in Hirsch et al. (2013) . 
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